The generation and propagation of a streamer is a significant physical process of air gap discharge. Research on the mechanism of streamers under low-pressure conditions is helpful for understanding the process of long-gap discharge in a high-altitude area. This paper describes laboratory investigations of streamer discharge under alternating current (AC) voltage in a low pressure test platform for a 60 cm rod-plane gap at 30 kPa, and analyzes the characteristics of streamer generation and propagation. The results show that the partial streamer and breakdown streamer all occur in the positive half-cycle of AC voltage near the peak voltage at 30 kPa. The partial streamer could cause the distortion of current and voltage waveform, and it appears as the branching characteristic at the initial stage. With the extension of the streamer, the branching and tortuosity phenomena become gradually obvious, but the branching is suppressed when the streamer crosses the gap. The low-pressure condition has little influence on the tortuosity length and the tortuosity number of the streamer, but affect the diameter of streamer obviously.
Introduction
Long air gap discharge is one of the fundamental problems in high-voltage engineering. The development of the streamer is an important stage of long-gap discharge before the leader, and its propagation characteristics have significant influences on the peculiarity of gap discharge [1] [2] [3] . In recent years, with the development of the power system, the voltage level of the transmission line is increased gradually. The transmission line withstands not merely the normal AC voltage over a long period of time, but also the impact of the low-pressure condition in the high-altitude area. Therefore, the research on long-gap streamer discharge should provide an important basis for the external insulation design of the power system.
The research on streamer discharge mainly includes three aspects: theoretical analysis, experimental research and numerical simulation. In terms of theoretical analysis, several theoretical models that aim to predict streamer development have been proposed, such as Rizk and Eriksson's leader inception model [4, 5] , Kline's corona cloud model [6] , Gallet's gap factor method [7] , Trinh's negative and positive corona models and the positive corona globules model [8] . In terms of experimental research, many researchers have conducted in-depth studies on the external characteristics of small-gap streamer discharges. Loeb, Meek, Arrayas, Rocco, Briels and Veldhuizen et al have studied the phenomenon of streamer branching and confirmed the branching phenomenon is due to the Laplace instability of space charge layer ahead the the streamer [9] [10] [11] [12] [13] . A few researchers carried out an experimental test on the characteristics of streamer propagation under low-pressure conditions. For example, Phelps studied the relationship between the propagation field of positive streamers and pressure by a three-electrode system and Pancheshnyi investigated the propagation characteristics of positive streamers within 0.04-0.1 MPa [14, 15] . As for numerical simulation, the development process of the streamer is simulated mainly by solving the two-dimensional fluid model which is composed of Boltzmann equations and the Poisson equation considering the photo-ionization effect [16] [17] [18] .
Thus it can be seen that most of the research concerning streamer discharges are limited by gap length and vacuum degree. For these reasons, the authors carried out laboratory investigations of streamer discharge under AC voltage in a low-pressure test platform for a 60 cm rod-plane gap at 30 kPa and analyzed the characteristics of streamer generation and propagation under these conditions. Figure 1 shows the experimental configuration for the test. The gas in this experiment was air. The temperature and relative humidity in the lab were retained at 20°C and 35% respectively. The pressure in the test chamber was maintained at 30 kPa. An AC voltage was generated using an inflatable test transformer (50 Hz, 20 kVA). In this experiment, the AC voltage was applied to the high voltage (HV) electrode at a rate of 1 kV s −1 , which was measured by a capacitive voltage divider. The breakdown voltage was the average value of 20 times the discharges. In order to make the charge distribute uniformly in the test chamber, repeated voltages were applied at an interval of 6 min. We measured the voltage waveform with a capacitance divider and the discharge current waveform with a HV current transformer (CT) and the data were recorded in a digital oscilloscope (100 MHz, 1 GS s −1 ). The high-speed camera focused on an area between the rod electrode and the grounded plane electrode to record the discharge process. The captured parameters of the high-speed camera were 54 k frames/s frame rates and 960 × 16 pixel resolution.
Experimental configuration
Figure 2(a) shows the test chamber. The main material of the test chamber is stainless steel, and its effective radius is 900 mm. A cylindrical quartz glass tube is set in the test chamber to restrict the discharge path, and its effective radius is 400 mm. Figure 2(b) shows the rod-plane electrodes. The HV rod electrode is a cylindrical stainless steel rod with a radius of 5 mm, and the head angle and curvature radius are 30°and 0.5 mm respectively. The stainless steel plane diameter of 40 cm has its brim rounded with a radius of 5 mm and its surface roughness is 1.6 μm. The gap length between the rod and the plane is 600 mm. The surfaces of the electrodes are cleaned by alcohol before the test.
In this configuration, we mainly conducted two kinds of measurements: one was the measurement of partial streamer discharges occuring ahead of the rod electrode, and the other was the measurement of breakdown streamers which cross the gap. In the former measurement, we set the voltage trigger level 500 V below the average breakdown voltage U and recorded the development process of repetitive partial streamer discharges, voltage waveforms and current waveforms. In the latter measurement, we use current pulse trigger mode and recorded the development process of breakdown streamers, voltage waveforms and current waveforms.
Experimental result and discussion

The measurement of partial streamer discharges
During the test, the temperature and absolute humidity inside the chamber were 20°C and 3.1 g m −3 respectively. Under alternating voltage, the field at the highly stressed rod electrode varies continuously at a frequency of 50 Hz, both in intensity and polarity. Therefore, different corona modes could be observed in the same period of the applied voltage. Figure 3 illustrates the development of different corona modes within a sine period. The peak value of discharge voltage U = 90 kV.
As in figure 3 , the starting time of the sine period is set as t = 0 μs, 0-9731 μs and 9731-19 837 μs and are at approximately positive half-wave and negative half-wave respectively. Within 783-8166 μs, the corona exist at the tip of the rod electrode and the streamer occurs near the peak value. However, during a negative half-wave, corona exist within 11 011-18 483 μs. Thus it can be seen that the development of the corona and streamer have obvious polarity characteristics [19] .
The reason for polarity characteristics is related to the ion space charge formed during discharge. Under negative polarity, since air contains 20% oxygen, the free electrons of initial avalanches attach easily to the oxygen atom to form stable negative ions. Under normal conditions, most of the free electrons of the first avalanche are converted into negative ions within 1 cm from the rod [20] . Therefore, there exist ion space charges of opposite polarities in front of the rod electrode, which strengthen the field at the surface of the rod and prevent the development of secondary avalanches. However, under positive polarity, there exist net positive ion space charges in front of the anode which prevent the formation of corona on the surface of the rod; in contrast, they make the streamer extend further into the gap easily.
The ion space charges formed during partial streamer discharges could also be reflected by current and voltage waveforms. A representative partial streamer discharge during one positive period observed in the experiment is shown in figure 4 . This process can be summarized as the following: burst corona, onset streamer, breakdown streamer. Figure 4 shows that when the field intensity of the rod tip reaches to corona inception value, the burst corona which covers the large curvature radius rod appears with luminance. This luminance results from the spread of ionization activities at the rod tip which consumed the energy of high-energy electrons before neutralization at the rod. With the increase of the applied voltage, the positive ion space charges formed by the initial electron avalanches enhanced the field in front of it and favors the development of onset streamers. These onset streamers originating from a common stem propagate into the low-field region and formed numerous of filamentary channels. Because of the net positive ion space charges formed in front of the rod, these onset streamers were suppressed at t = 4322 μs, and the breakdown streamers were generated when the applied voltage was sufficient to clean the ion space charges. When the streamer develops forward, the electric field in the head of the streamer may gradually weaken which in turn stops the streamer, thereby forming a brush discharge. Figures 5 and 6 give the current and voltage waveforms of this partial streamer discharge process. Voltage and current waveforms are triggered by the rising edge of current signal, and the trigger point is set as t = 0 μs. The peak voltage of this process is 101 kV, and is very close to discharge voltage of test point. The peak current is 6.23 mA.
As seen in figure 5 , the instantaneous fluctuation of current waveform is due to the drift motion of charged partials produced during partial streamer discharges. In the discharge space, positive ions move to the plane, and electrons and negative ions move to the rod. Therefore the directional movement of space charges cause the fluctuation of the current and the distortion of voltage waveform.
Compared with the electron avalanche developing along the power line, the positive streamer often leaves the anode along a tortuous and bifurcated path of progress. As is shown in figure 4 , the head of the streamer channel is bifurcated at 30 kPa when the streamer is still very short. Figure 7 shows a typical streamer initial process under this experimental conditions. The branching phenomenon appears at t = 2631 μs, and two branches growth significantly and progressively. The branching characteristic of the head of streamer channel is shown in figure 8 .
Because of the statistical property of the secondary avalanche in the formation and development process in front of the streamer, the streamer channel usually splits into several branches with tortuousity. The branching phenomenon increases the number of streamer channels and the ionization region, which in turn make the distribution of discharge energy output in discharge space more even [21, 22] . The reason for this phenomenon can be explained by the Laplacian instability of the net space charge layer at the head of the streamer during the development of the discharge [12, 23] . During the development process of the streamer, a net space charge thin layer will occur on the head of the streamer which strengthens the field in front of the streamer. If the thickness of the net space charge layer is much less than the curvature radius of the head of the streamer, when disturbance over a certain degree (the macroscopic disturbance like the dust and water drop in the air, microscopic disturbance like the inherent distributing disperses of particle) occurs, the electrostatic repulsion caused by an opposite charge in the net space charge layer make the head streamer become unstable and split into several branches. Figure 9 gives a complete process of the breakdown streamer of the 60 cm rod-plane gap under AC voltage, including the onset streamer, breakdown streamer and final strike. The discharge voltage is 108.2 kV. If the applied voltage reaches the discharge voltage, the streamer may extend further into the gap and eventually lead to breakdown. The development of the discharge streamer can be interpreted as the high efficiency of the applied field in removing the ion space charge from the anode region.
The measurement of breakdown streamer discharges
It can be seen from figure 9 that the tortuosity and branch feature of the AC streamer discharge under low pressure is obvious, and the downward streamer channel appears dark before the final strike. The process of the downward streamer and the upward final strike take about 2500 μs and 900 μs, respectively. We can see that at t = 5408 μs, two branches develop simultaneously, and branch ② tends to weaken when branch ① develops forward faster. This phenomenon can be explained as: when streamer extension, the branches in front of it are formed. More than one branch can develop forward simultaneously and independently but when a branch develops faster due to some accidental reasons, its strong axial electric field may inhibit the development of other branches nearby. When the final strike process develops to the rod electrode, the large current heating the initial streamer channel makes it become an arc instantaneously. However, a breakdown streamer crossing the gap does not necessarily cause the gap breakdown completely, which proves the streamer channel is not fully conducting [24] . Figures 10 and 11 show the current and voltage waveforms of this breakdown streamer. Current and voltage waveforms are triggered by the rising edge of the current signal, and the trigger point is set as t = 0 μs. In the final strike phase, the current is much larger than that of the partial streamer discharge in figure 5 before bridging the gap. The chopped wave near the peak of the voltage waveform is generated by the full conduction of the air gap caused by the final strike, and the streamer extension process does not cause a significant voltage drop. Therefore, the final strike process is the main reason for the gap's loss of insulation and also the surge of the current. The duration of the chopped voltage and the rising edge of the surge current are the same 0.4 μs. The peak value of the discharge voltage and the current are 108.2 kV and 78 mA respectively. This discharge mode is the positive streamer discharge under extreme nonuniform field, which occurs in the positive half-cycle of AC voltage near the peak value. Figure 12 gives the voltage waveform of three times the consecutive streamer discharges under this experimental conditions. It can be obviously observed that breakdown streamers all occur in the positive half-cycle of AC voltage near the peak value.
In order to show the external characteristics of breakdown streamer at 30 kPa, figure 13 and table 1 give the comparison of breakdown streamer between 30 kPa and normal pressure. As seen in figure 13 , the breakdown streamers at 30 kPa are thicker and darker than that of normal pressure. The branching phenomenon is suppressed when the breakdown streamer crosses the gap at 30 kPa. In contrast, there may have many branching reach the plane at normal pressure. From table 1, low pressure condition has little influence on the tortuosity length and the tortuosity number of the streamer, but affect the diameter of the streamer obviously.
Conclusions
In this paper, the discharge experiments were carried out to investigate long-gap AC streamer discharges at 30 kPa. The characteristics of streamer generation and propagation were analyzed and some important characteristics of streamer propagation process such as the characteristics of voltage and current, the external feature of streamer channel, streamer's branching phenomena were showed. The results show that the partial streamer and breakdown streamer all occur in the positive half-cycle of AC voltage near the peak voltage at 30 kPa. The partial streamer could cause distortion of the current and voltage waveform, and branching characteristics appear at the initial stage. With the extension of the streamer, the branching and tortuosity phenomena gradually become obvious, but the branching is suppressed when the streamer crosses the gap. The low-pressure condition has little influence on the tortuosity length and the tortuosity number of the streamer, but obviously affects the diameter of the streamer. 
